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Introduction
It is a well-accepted fact that tropical cyclones (hurricanes, typhoons) sometimes cause large economic effects. Hurricane Katrina, which hit the Caribbean and the southern United States in August 2005 and whose direct economic loss is estimated to be over $125 billion, 5 is a vivid example of how substantial the economic impacts of tropical cyclones can be.
Worryingly, tropical cyclone activity may be enhanced with the rise of global atmospheric temperatures, with corresponding negative economic effects in the future. Although storm activities vary greatly from year to year, and their general trends are thus not easily discernable, scientific evidence increasingly provides support for this claim. For example, the IPCC's Fourth Assessment Report (IPCC, 2007) recognizes substantial increases in intensity and duration since the 1970s as for the incidence of tropical storms or hurricanes. It also estimates that it is likely that under standard projections, tropical cyclones will intensify in parallel with increases of the global mean temperature, and that such enhancement of activities could bring about significant impacts on human activities including crop failures, death and injuries, and flood damages such as loss of property.
The basic physics of tropical cyclones are fairly well identified (e.g., Emanuel, 2003 Emanuel, , 2005 , and it is in fact logical to infer that global climate change should increase damages by tropical cyclones. Tropical cyclones are defined as cyclones that originate over tropical oceans (those with maximum winds over 33ms-1 are called hurricanes in the western North Atlantic and eastern North Pacific regions, and typhoons in the western North Pacific), while they may move out of the tropics after their genesis. The source of energy for tropical cyclones is heat transfer from the ocean, which induces upward motion of air in the lower atmosphere, causes convection, and eventually forms self-sustaining patterns of winds and rainfall. Tropical cyclones generally develop only over seawater whose surface temperature is greater than 26˚C. The mechanism of their formation suggests that the rise of sea surface temperature due to greenhouse effects should lead to some amplification of tropical cyclone activities, and scientists have reached a consensus on this general point. On the other hand, details of 5 According to Munich Re (2006a) .
climatology on tropical cyclones are very complex and remain uncertain to a large extent because of the non-linearity of their generation mechanism and their interconnectedness to large-scale patterns of global atmospheric-hydrological circulations such as El Niño.
Assessment of damages due to tropical cyclones have already drawn a great interest of various groups of people, notably of the (re)insurance industry (e.g., Munich Re, 2006b; Swiss Re, 2006) . Academically, the enhanced effects of tropical cyclone with climate change has also been a question for economists, and several estimates have been presented (Cline, 1992; Fankhauser, 1995; Tol, 1995; Downing et al., 1996; Nordhaus, 2006) .
One of the big debate items in development economics recently has been the role of geographical attributes on economic growth (e.g., Gallup et al., 2000; Acemoglu et al., 2001; Easterly and Levine, 2003) , and some useful studies on the economics of natural disasters are found in this set of studies (e.g., Kahn, 2005; Toya and Skidmore, 2007 Deschênes and Greenstone, 2007) do not explicitly take into account potential significance of extreme weather events in productivity loss, while some agronomic studies attempted to address this question with regard to crop growth but without any monetary assessment (e.g., Rosenzweig et al., 2002; Porter and Semenov, 2005) .
The fact that cyclone damages have a two-way interrelationship with long-term growth (i.e., relative cyclone impacts fall with economic growth, but cyclone damage reduce economic growth) suggests that the impact assessment of tropical cyclones and climate change would make a suitable topic for climate-economy integrated assessment models. However, major recent studies of integrated assessment models such as Mendelsohn et al. (2000) and Nordhaus and Boyer (2000) do not explicitly incorporate the effects of tropical cyclones in their climate-economy models -perhaps because the science is still ambiguous. activities. Version 3.4 of FUND has the same basic structure as that of Version 1.6, which is described and applied by Tol (1999 Tol ( , 2001 Tol ( , 2002c . Except for the tropical cyclone component which will be discussed in this paper, the impact module of the model is outlined and assessed by Tol (2002a, b) . The latest publication using the FUND platform is Anthoff et al. (2008) . (Legett et al., 1992) . For the years from 2100 onward, the values are extrapolated from the pre-2100
scenarios. The radiative forcing of carbon dioxide and other greenhouse gases used by FUND is determined based on Shine et al. (1990) . The global mean temperature is governed by a geometric buildup to its equilibrium (determined by the radiative forcing) with a half-life of 50 years. In the base case, the global mean temperature increases by 2.5˚C in equilibrium for a doubling of carbon dioxide equivalents. Regional temperature increases, which are the primary determinant of regional climate change damages (except for tropical cyclones, as discussed below), are calculated from the global mean temperature change multiplied by a regional fixed factor, whose set is estimated by averaging the spatial patterns of 14 GCMs (Mendelsohn et al., 2000) .
As described by Tol (2002a) , the model considers the damage of climate change for the following categories besides tropical cyclones: agriculture, forestry, water resources, sea level rise, energy consumption, unmanaged ecosystems, and human health (diarrhea, vector-borne diseases, and cardiovascular and respiratory disorders). In our version of FUND, tropical cyclones are treated as a separate category, rather than as a factor elevating damage levels of existing categories (e.g., crop damages from enhanced floods). Impacts of climate change can be attributed to either the rate of temperature change (benchmarked at 0.04˚C per year) or the level of temperature change (benchmarked at 1.0˚C). Damages associated with the rate of temperature change gradually fade because of adaptation.
FUND also has macroeconomic and policy components. Reduced economic output due to damages of climate change is translated into lower investment (with exogenous saving rates) and consequently slower growth rates. With policy variables such as those representing carbon abatement measures, FUND can be operated as an assessment tool for long-run climate policy. In this paper, however, we do not use this policy-assessment function of the model.
Tropical cyclones
We calculate the economic damage of climate change through tropical cyclone activities with the following function: (1) Note that the equation represents the effect of a deviation of tropical cyclones from its baseline (i.e., not the total level of cyclone damages). TDt,r and Yt,r are the damage due to tropical cyclones (increase relative to pre-industrial) and GDP in region r and time t, respectively. αr is the factor determining the baseline level of cyclone damages for region r (see table 2 ). The data of cyclone damages are drawn from the Emergency Events Database (EM-DAT: http://www.emdat.be/) by the WHO Collaborating Center for Research on the Epidemiology of Disasters (CRED). The CRED EM-DAT is an international initiative which assembles and organizes the data of natural disaster damages collected by various institutions worldwide (i.e., UN organizations, governments, NGOs, universities, private firms, and the press). The database contains basic data on the occurrence and the effects of more than 17,000 disasters in the world from 1900 to the present (Scheuren et al., 2008) . Although the dataset has the weakness that its economic damage data are listed on a reported basis from different institutions and lack consistency, 6 it is more comprehensive than other similar types of dataset and thus the best available at present. The coefficient αr is estimated by averaging storm damages in the dataset over the period 1986-2005. It should be noted that storm impacts vary greatly year to year, and the level of the coefficient is extremely sensitive to what period is chosen and averaged. We address this issue by conducting a set of sensitivity runs, which are discussed in the next section.
The component (yt,r/y1990,r)ε in equation (1) represents the effect of income level on vulnerability to storms, where y is per capita income (in 1995 US$ per year) in region r at time t. Two factors are in play with regard to the relationship between affluence and disaster damages:7 economic damages of natural disasters may be magnified in richer economies because a unit amount of loss in capital leads to a bigger loss of income due to high productivity of capital; on the other hand, their wealth can insulate themselves from disaster 6 Toya and Skidmore (2007) point out three additional factors which would reduce the reliability of economic estimates in the EM-DAT. First, the database only includes direct costs of disasters and omits indirect costs. Second, governments of low-income countries have an incentive to overstate the damage of disasters in order to draw foreign assistance. Third, data collection is a challenging issue in low-income countries because the poor often lack access to established markets and insurance. 7 Tol and Leek (1999) give detailed discussions on the causal link between income levels and damages of natural disasters. damages by defensive expenditure or expensive but better infrastructure resistant to disaster shocks. In equation (1), ε is the income elasticity of storm damage and set at -0.514 after Toya and Skidmore (2007).
The relative annual cyclone damages increase with warming temperatures. The rise of tropical sea temperatures, which is part of the global climate change phenomenon, is a factor raising the maximum wind speed of cyclones, and cyclones with greater wind speed cause greater damages. [(1+δθrTt,global)γ -1] in equation (1) Finally, γ is a parameter representing the relationship between the cyclone damages and the wind speed, which is in our case a function of tropical sea surface temperature increase. It is conventional to assume that storm damages are proportional to the third power of wind speed (see for example, Emanuel, 2005) . This assumption is based on the law of physics that the kinetic energy of wind affecting a unit area per unit of time is proportional to the cube of wind speed. This convention is recently challenged by Nordhaus (2006) , who proposed a much greater figure (namely 8) for describing storm damages based on his statistical analysis of US hurricane impacts. For justification of his conclusion, he referred to the fact that the stressfracture relationship of engineering objects or structures is highly non-linear -in other words, storm damages do not have to be proportional to the wind energy of storms. While his argument deserves attention, a high exponent is hardly a consensus yet. In our analysis, we use the exponent of 3 for standard runs and increase the level of γ for a sensitivity run. The mortality is also considered to be equivalent with some economic loss: as in the other impact categories in FUND, mortality due to tropical cyclones is valued at 200 times the per capita income of the specific region. This is set to be consistent with the discussion by Cline (1992), who drew on average annual wage data and estimates of the value of a statistical life. Table 3 shows FUND's outputs on the change in economic damage and mortality of tropical cyclones in the year 2100. The results represent increased damages relative to the scenario without climate change. In the base case, the climate-change-induced economic damage amounts to $19 billion (1995 US dollar per year), which is roughly the same as the expected global total economic damage in 2005 ($19 billion). The increase of global temperature (3.2˚C since pre-industrial) is a reason for a large amount of the increased damage,9 but the high level of loss is also due to the expanded size of economy at 2100, which is almost 8 times the 2000 level. Figure 2 shows the time trends of increased direct economic loss of tropical cyclones and its share to the world GDP for the base case (1986-2005 baseline) . The graph shows continuous increase of absolute cyclone damages, while the ratio of damage to GDP grows more slowly, and its rate of increase gradually diminishes. At 2100, the ratio reaches 0.0057% of the world GDP. The rise of world GDP more than offsets the reduced vulnerability to disasters due to affluence (which lowers damage per unit amount of economic output) for the absolute level of damage, while the share of damage to the world GDP is much more visibly influenced by the income effect. Table 3 also shows that intensified storms would cause over 2,000 additional deaths at the year 2100 in the base case. The monetized value of those fatalities amounts to $6 billion, which is approximately 30% of the enhanced direct economic damage of $19 billion. The value of lost life included, the increased damage due to enhanced cyclones corresponds to 0.0074% of the world GDP at 2100. Table 3 also shows the results of sensitivity runs. As noted before, cyclone damages are extremely variable year by year, and the choice of baseline period is very influential on the results. As an additional case, we extend the averaging period by ten years . Also, we shift the averaging period earlier by 5 years, to be in accordance with the claim that the year 2005 (when Katrina struck) was an anomalous year in the hurricane record (the opinion reviewed and discussed by Nordhaus, 2006 ). As table 3 shows, the direct economic damage is show that in a relative sense, the marginal costs from cyclone damages are negligible in the total marginal costs.
Results

Discussion and Conclusion
We simulated the economic impact of tropical cyclones enhanced by climate change with the integrated assessment model FUND 3.4. The results show that in the base case, the direct economic damage of tropical cyclones ascribed to the effect of climate change amounts to $19 billion globally (almost the same level as the baseline (current) global damage of tropical cyclones) at the year 2100, while the ratio to the world GDP is 0.006%. The USA and China account for much of the absolute damage, while the Small Island States incur the largest damage if evaluated as share of GDP. The results also show that they are sensitive to the choice of baseline (e.g., the Katrina effect) and of parameter levels such as that of the windspeed elasticity of storm damage.
Just like any other model analyses, this study has limitations, and three of them are worth noting. First, our computation adopted exogenous savings rates to simulate long-run growth paths under amplifying storms. However, actual investment behavior in presence of natural disasters is much more nuanced than the way we simulated with the simple model, and more accurate modeling would require endogenous decision functions of investment with representations of risk aversion of economic agents and of maturity of insurance markets (Tol and Leek, 1999) . While this effect on the total growth rates could be negligible in large, less storm-prone economies, it could play a significant role for the growth path of smaller, 
